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We demonstrate how the magnetic properties of metal=dielectric Co=yttrium iron garnet
heterostructures can be engineered by both changing the garnet thickness and adding an ultrathin
Co cover layer. The observed magnetization reversal process in the heterostructures is explained by
both cubic and perpendicular growth-induced magnetic anisotropy of the garnet films. In particular,
the perpendicular magnetic anisotropy can be strongly increased for reduced thickness. A strong
influence of a 2 nm Co layer on the domain structure geometry and magnetization processes has
been found for 1.8 lm garnet films.VC 2012 American Institute of Physics. [doi:10.1063/1.3679548]
I. INTRODUCTION
In the last decade, numerous studies of magnetic multi-
layers and heterostructures were motivated by their impor-
tance for applications in devices. This area of nanomagnetism
has strongly developed, due to new growth techniques and
lithographic processes. For fundamental research, such hetero-
structures give the unique possibility to engineer high quality
two-dimensional interfaces and create phenomena which do
not exist in a bulk material. On the other hand, new function-
alities may emerge from the coexistence of two materials with
complementary properties, such as magnetism and ferroelec-
tricity, metallic and dielectric, antiferromagnetic and ferro-
magnetic, etc. An interesting combination is formed by a
metallic ferromagnetic thin film on top of a dielectric ferri-
magnetic garnet based on yttrium iron garnet (YIG). The func-
tionality of YIG systems has been shown to be very broad,
with examples such as the excitation of surface plasmons,1 the
propagation of nonlinear spin-waves,2 Bose–Einstein conden-
sation of a magnon gas,3 high-temperature photomagnetism,4
the observation of the inverse Faraday effect induced by an
ultrafast laser pulse,5 and many others. A combination of a
metal layer on a garnet system may create the possibility to
modify different properties. Recently, it was reported that ion
beam–sputtered Fe films on a 100-nm-thick YIG layer possess
a perpendicular magnetic anisotropy.6 In the thickness range
between 5 and 10 nm, the stripe domain structure of YIG was
transferred into the Fe films, due to the presence of strong
interlayer exchange coupling.6 Static and dynamic properties
were also investigated for a 30 nm permalloy film on a 0.5 lm
(YBiLu)3(FeAl)5O12 layer that is characterized by a perpen-
dicular anisotropy.7 A strong direct exchange coupling is
revealed via the formation of enlarged closure domains with a
preferred orientation at the interface between the permalloy
film and the garnet layer. As a result, the domain pattern of
such a heterostructure shows an increased zero-field stripe
period in comparison to the parent garnet layer.7 The magnet-
ization reversal process and magnetic domain structure were
the focus point of these studies. YIG films with iron partially
substituted with Co2þ and Co3þ ions8 show interesting
magnetic properties, such as several spin-reorientation phase
transitions in a temperature range of 20-300 K9 and both qua-
sistatic10 and ultrafast11 light-induced changes in magnetic an-
isotropy. Light pulses excite large-angle magnetization
precession in such garnets, the phase and the amplitude of the
precession being determined by the polarization of the light. If
coupled with a nanostructure ferromagnetic (metallic) over-
layer, such photomagnetic effects in the garnet may also be
transferred to the overlayer, thus creating new possibilities for
ultrafast switching.
In the present paper, we report on magnetization rever-
sal, domain structures, and magnetic anisotropy in ultrathin
Co films grown by ion beam sputtering on Co-substituted
garnet films with different thicknesses. We observe a strong
change of uniaxial magnetic anisotropy after decreasing the
initial garnet thickness as well as a modification of the do-
main structure in a garnet covered by a magnetostatically
coupled 2 nm Co layer.
II. SAMPLE PREPARATION
Experimental studies were performed on Co=garnet het-
erostructures and reference garnet films. The initial 5.8-lm-
thick garnet film of Y2CaFe3.9Co0.1GeO12 composition was
grown using liquid phase epitaxy on a paramagnetic sub-
strate Gd3Ga5O12(GGG) in plane (001).
8 The miscut angle
of the GGG substrate has been about 0.1. The preparation
conditions and some crystallographic properties of the films
were published elsewhere.12 The crystal chemistry of mag-
netic garnets has been extensively studied in the past.13 In
our sample, the vibrating sample magnetometer study gave,
at room temperature saturation magnetization, 4pMS¼ 88 G
and the Neel temperature TN¼ 445 K. Afterwards, the sam-
ple was thinned down to 1.8 lm by argon ion beam sputter-
ing in the low energy regime with an etching rate of about
a)Author to whom correspondence should be addressed. Electronic mail:
and@uwb.edu.pl.
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0.83 lm=h. Prior to the metallic layer deposition, the surface
of the garnet film was smoothed by a low energy oxygen ion
beam. Au(4 nm)=Co(2 nm) bilayers were grown in situ on
both 1.8 and 5.8 lm YIG films by ion-beam sputter deposi-
tion.14 A polycrystalline Co layer was grown on top of an
unperturbed garnet film. Figure 1 illustrates the sample con-
figuration. The gold layer was used to prevent the Co layer
from oxidation. A 20 20 lm Au=Co pattern, for compari-
son of coupling between Co and garnet films and domain
structures’ modifications on garnets, was fabricated by lift-
off photo-lithography. The photoresist was patterned on the
garnet films prior to the Co layer deposition. The dose of UV
exposure and the development process were precisely con-
trolled to result in a sharp edge profile of resist patterns. Af-
ter deposition of the Au=Co heterostructure, a lift-off
procedure was performed to remove the previously unex-
posed resist.
III. RESULTS AND DISCUSSION
The process of magnetization reversal was studied via
magneto-optical Faraday hysteresis measurements using a
perpendicular magnetic field H\. Measurements were per-
formed by laser light with a wavelength of 690 nm and a
spot diameter of approximately 0.1 mm. A modulation tech-
nique with a photoelastic modulator was used for determina-
tion of the Faraday rotation angle. The hysteresis loops for
different garnet thicknesses and Co=garnet films, after sepa-
ration of the paramagnetic contribution to the Faraday rota-
tion from the GGG substrate, are shown in Fig. 2. The shape
of the hysteresis loops observed for the initial 5.8-lm-thick
garnet films indicates an out-of-plane magnetization compo-
nent along with an existence of a cubic magnetic anisotropy
axis along the [111] axes of the garnet (see Fig. 2(a)).
However, for the 1.8 lm garnet thickness, the hysteresis
loop shows a significant remanence component (Fig. 2(b))
and a field saturation near 200 Oe that is four times lower
than for the 5.8-lm-thick garnet-only film (Figs. 2(a) and
2(b)). A clear difference in the magnetization reversal pro-
cess with and without a 2 nm cover Co layer on 1.8-lm-thick
garnet film was observed in the field range near the coerciv-
ity (see Fig. 2(d)). In this case, one can assume that the
reduction of the garnet thickness leads to a change of the
effective magnetic anisotropy field and, consequently, to a
change of the magnetization reversal process. As observed
before, the magnetic anisotropy of a Co-substituted garnet
has two contributions:9 magnetocrystalline cubic and
growth-induced uniaxial ones.
To confirm the modification of the anisotropy, measure-
ments were performed at room temperature using both a
magneto-optical-based magnetometer and a ferromagnetic
resonance (FMR) X-band spectrometer. The resonance field
FIG. 1. (Color online) Schematic configuration of the sample, including the
20 20 lm pattern area on the garnet parts.
FIG. 2. (Color online) Hysteresis loops measured as Far-
aday rotation for 5.8 lm (a) and 1.8 lm (b) garnet thick-
nesses. The loops recorded in small magnetic field range
are shown for both garnet-only (full points) and 2 nm
Co=garnet (open points) films for 5.8 lm (c) and 1.8 lm
(d) garnet thicknesses. Solid lines are fitted using Eq. (1)
and following values of anisotropy constants: (a)
K1¼ –2 103 erg=cm3 and KYIGu¼ –0.1 103 erg=cm3;
(b) K1¼ –2 103 erg=cm3 and KYIGu¼ 1 103 erg=cm3.
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HR (Ref. 15) was determined for different polar hH and in-
plane azimuthal uH angles measured from the film normal
and [100] direction in the sample plane, respectively.
Measured values of HR are related to the magnetic anisot-
ropy constants and enable the determination of the easy
magnetization axes as minima in HR. The experimental de-
pendence of the HR field as a function of the angles hH and
uH for the Co=garnet sample is shown in Fig. 3 (dots). For
Co=garnet heterostructures and both garnet thicknesses, two
resonance lines were observed in the FMR spectra. In this
way, the Co layer and garnet film contributions to the FMR
line were separated. The existence of easy magnetization
axes along the h111i directions for the garnet contributions
was deduced by analyzing HR(hH,uH) (see Figs. 3(a) and
3(c)). This result correlates well with the Faraday experi-
ments for garnet-only film, shown in Fig. 2(a). For the 2 nm
Co layer, the easy magnetization axis lies in the sample plane
(Fig. 3(b)) and is also connected with the in-plane
anisotropy.
A qualitative analysis of the FMR and magnetization
curves gives rise to the following description of the magnetic
anisotropy energy EA, which contains cubic, growth-induced,
and in-plane uniaxial anisotropies:
EAðm!;M
!Þ ¼ K1½ðmxmyÞ2 þ ðmxmzÞ2 þ ðmzmyÞ2
þ KYIGeff ½1 m2z 2 þ KCoeff ½1M2z 2; (1)
where mi is the normalized components of magnetization vec-
tor in garnet defined by polar and azimuthal angles h and u,
respectively (u is measured from the [100] garnet direction),
Mz is the normalized perpendicular component of magnetiza-
tion vector in the Co layer defined by the polar angle h, K1 is
the cubic anisotropy constant of garnets, KYIGeff is the effective
growth-induced anisotropy constant for the garnet film, and
KCoeff is the effective uniaxial anisotropy constant for a 2 nm
Co layer. The bulk value of saturation magnetization 1420 G
was assumed for the 2 nm Co thickness. Magnetic anisotropy
constants were fitted using Eq. (1) and standard FMR condi-
tions15 for each resonance line of YIG and ultrathin Co films.
Solid lines in Fig. 3 show the results of the fitting procedure.
Thus, let us analyze, step-by-step, the magnetic anisot-
ropy constants of the Co layer and garnet films from FMR
field and magnetization loops. First, for the Co layer deposited
on the garnet films of both thicknesses, the effective anisot-
ropy constant is KCoeff¼ –9.9 106 erg=cm3, and that corre-
sponds to the case of in-plane magnetic anisotropy in the Co
layer (see Fig. 3(b)). Second, from the part of the FMR spec-
trum, which corresponds to garnet-only films, the cubic
K1¼ –2 103 erg=cm3 anisotropy contribution for both 1.8
and 5.8 lm garnet thickness were deduced from the fitting
procedure, assuming the saturation magnetization Ms¼ 7 G.16
In the case of negative K1, four easy magnetization-axis orien-
tations along a h111i-type of crystallographic direction to the
sample plane in garnet films exist. Third, cubic constants K1
determined by FMR techniques were used for the fitting of the
Faraday loops measured for 1.8 and 5.8 mm garnet parts of a
sample. In this case, the effective growth-induced uniaxial an-
isotropy constants KYIGeff¼KYIGu – 2pM2s for different gar-
net thicknesses were determined from the fitted Faraday
hysteresis loops (solid lines in Figs. 2(a) and 2(b)) within the
coherent magnetization rotation model (i.e., assuming a
single-domain state). Typically, the behavior of fitted curves
is in agreement with the experiments, excluding the region
near coercivity, where magnetic domains dominate the rever-
sal behavior.
After separation of the demagnetization contribution
from the uniaxial anisotropy, the anisotropy constant KYIGu
for two thicknesses of garnet films was obtained. Before
etching, in the sample with 5.8 lm layer thickness,
FIG. 3. (Color online) The polar (for uH¼ 0 and 45)
and azimuthal (for hH¼ 90) dependence HR for
Co=garnet sample after separation contributions from
garnet parts (a), (c) and 2 nm Co (b), (d) layer. The dots
are experimental values, and solid lines were fitted ex-
perimental results using Eq. (1).
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the growth-induced uniaxial anisotropy constant was meas-
ured to be KYIGu¼ –0.1 103 erg=cm3, which is smaller
than cubic contribution. In this case, the hysteresis loop in
Fig. 2(a) is typical for the case of cubic magnetic symmetry.
The etching of the garnet film to reduce its thickness does
not lead to any modification of the film composition.17
Therefore, the main factor changing the magnetization rever-
sal behavior and the magnetic anisotropy should be the effec-
tive perpendicular growth-induced contribution. As a result,
for the 1.8 lm thickness, KYIGu has a positive sign and is
equal to 1 103 erg=cm3. The existence of the out-of-plane
component is consistent with the observation of non-zero
remanence in the hysteresis loop, as shown in Fig. 2(b). As a
result, the competition of cubic and growth-induced
contributions produces strong changes of magnetic behavior
of the heterostructure.
The magnetostatic coupling between the Co overlayer
and the garnets of different thicknesses can be clearly seen
by comparison of the small field behavior of the hysteresis
loops, shown in Figs. 2(c) and 2(d). The influence of this
coupling on the magnetization reversal is visible along with
a strong modification of this behavior for the Co=1.8 lm gar-
net structure (see Fig. 2(d)). Such a magnetization reversal
process is possibly related to the specific magnetic domain
structure. To confirm this, the observation of the magnetic
domain structures was performed using an optical polarizing
microscope via the Faraday effect. A Carl Zeiss Jenapol opti-
cal microscope was equipped with a Xe lamp and a Cool-
SNAP Princeton Instruments high-sensitivity camera having
a 1300 1030 pixels, cooled CCD element. The magnetic
contrast of the domain structure was improved by standard
image processing. The following procedure was used for
magnetic domain generation and visualization; the sample
was saturated in a sufficiently large H\ field, and the refer-
ence image was recorded. In the next step, images were reg-
istered in real time while continuously varying H\. After
image processing, each image is the result of the difference
between the domain structure in a given magnetic field and
the reference image. Stripe domain structures are observed,
both in garnet-only and Co=garnet structures. The images of
domain structure for the 5.8-lm-thick garnet part was
recorded at H¼ 0 and H¼ 40 Oe, as shown in Figs. 4(a) and
4(b). In this case, the preference direction of the domain
walls and the parallel-stripe, indicating the orientation of the
easy magnetization axis, is along [110]. However, in the
magnetostatically coupled Co=5.8 lm garnet, the domain
structure is changed to a labyrinth-like pattern (see Fig.
4(a)). In addition, the process of magnetization reversal in
the Co=5.8 lm garnet parts is very similar to that of the
garnet-only parts in both the period of the stripes (see Figs.
4(a) and 4(c)) and the values of the saturation field of about
100 Oe (see inset of Fig. 2(c)). The geometry of the domain
structure on both parts of the 1.8-lm-thick garnet is differ-
ent. For the bare 1.8 lm garnet, during the application of an
external magnetic field, the dendritic-like domains gradually
reduce their length and disappear at H\¼ 40 Oe (see Fig.
4(d)). The period and the domain size in the Co=garnet struc-
ture is less than in a pure garnet film (Fig. 4(b)). In this case,
the value of the saturation field is noticeably increasing to
55 Oe (see Fig. 2(d)). In the inset of Fig. 4(b), the presence
of Co=garnet domains on a monodomain background area is
well visible.
IV. SUMMARY
In summary, we observed that the magnetic anisotropy
and magnetic domain structure of Co=garnet heterostructures
can be tuned by varying the garnet thickness from 5.8 to
1.8 lm and adding a Co cover layer. The 1.8 lm garnet
thickness has a strong effect on the perpendicular growth-
induced magnetic anisotropy. The shape of the domains
could be explained by a competition between cubic and per-
pendicular magnetic anisotropy in both garnet films. In addi-
tion, the modification of the domain structure due to the
magnetostatic coupling has been demonstrated. In principle,
depositing ultrathin ferromagnetic layers on a garnet film
can also lead to new effects in magnetization dynamics, due
to the influence of the effective magnetic field of the ferro-
magnetic layer and=or the coupling between ferromagnetic
layer and garnet.
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